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Abstract 
 
Near-infrared spectroscopy (NIR) has been used to analyse alunites of formula 
K(Al3+)6(SO4)4(OH)12. Whilst the spectra of the alunites show a common pattern 
differences in the spectra are observed which enable the minerals to be distinguished. 
These differences are attributed to subtle variations in alunite composition.   
The NIR bands in the 6300 to 7000 cm-1 region are attributed to the first fundamental 
overtone of both the infrared and Raman hydroxyl stretching vibrations. A set of 
bands are observed in the 4700 to 5500 cm-1 region which are assigned to 
combination bands of the hydroxyl stretching and deformation vibrations. NIR 
spectroscopy has the ability to distinguish between the alunite minerals even when the 
formula of the minerals is closely related.  The NIR spectroscopic technique has great 
potential as a mineral exploratory tool on planets and in particular Mars. 
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Introduction 
 
Alunites are a group of sulphate minerals which form part of the alunite 
supergroup [1].  The general formula is given by DG3(TO4)2(OH,H2O)6 where the D 
sites are occupied by monovalent cations such as K, Na, NH4, H3O+ and others, 
divalent cations such as Ca, Ba, Sr, Pb, trivalent cations for example Bi; and G is the 
trivalent cation either Al of Fe3+ ; and T is S6+, As5+ or P5+.  Further in nature many of 
the natural minerals are formed with one or more cations in the structure. Alunites can 
be divided into alunites and jarosites simply depending on whether the concentration 
of Al is >Fe (alunites) or Fe> Al (jarosites) [2]. Of course solid solution formation can 
exist across a wide range of concentrations and substitutions. Common members of 
the alunite group are alunite KAl3(SO4)2(OH)6, natroalunite NaAl3(SO4)2(OH)6, 
ammonioalunite NH4Al3(SO4)2(OH)6, sclossmacherite (H3O+,Ca2+)Al3(SO4)2(OH)6.  
The structure of alunites is well known [3-5] and is trigonal with a 6.990, c 16.905 Å 
space group R 3m, with Z = 3.   
 
 There have been a significant number of vibrational spectroscopic 
studies of alunites especially infrared spectra [6-13].  The number of Raman studies 
have been few [14-16]. According to S. D. Ross the infrared spectrum of alunite 
consists of the ν1 mode at 1030 cm-1, the ν2 mode at 475 cm-1, the ν3 mode at 1170, 
1086 cm-1 and the ν4 mode at 632 and 605 cm-1 [17].  The observation of multiple 
bands for the ν3 and ν2 modes implies the symmetry of the sulphate is reduced from 
Td →  C3v.   Indeed vibrational spectroscopy has been used to refine the space group 
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of alunites [18].  Isomorphism in alunites has been studied by infrared spectroscopy 
[8]. Vibrational spectroscopy allows a better method for the study of these minerals. 
Infrared spectroscopy has been used to study jarosite minerals but failed to detect 
cationic differences in the jarosite structures [14, 19-23].  Raman spectroscopy has 
been used to study jarosites but some previous studies failed to study the complete 
spectra [14, 20, 24].   Alunites like jarosites contain sulphate and hydroxyl units 
which lend themselves to study by vibrational spectroscopy. Sulphates as with other 
oxyanions are readily detected by Raman spectroscopy [25].  In aqueous systems, the 
sulphate anion is of Td symmetry and is characterised by Raman bands at 981 cm-1 
(ν1), 451 cm-1(ν2), 1104 cm-1 (ν3) and 613 cm-1 (ν4).  Reduction in symmetry in the 
crystal structure of sulphates such as alunites causes the splitting of these vibrational 
modes.  Ross in Farmer (Chapter 18) reports the results of the infrared spectra of 
(potassium) alunite [17].  Multiple ν3 (1170 and 1086 cm-1) and ν4 (632 and 605 cm-1) 
bands are observed showing the loss of symmetry in the alunite structure.  The 
symmetric stretching ν1 mode of the sulphate units was found at 1030 cm-1 and the ν2 
mode at 475 cm-1. Ross lists the OH stretching band at 3482 and three bending modes 
at 802, 780 and 605 cm-1.  Other studies of the infrared spectra of alunites have been 
undertaken [26, 27].  Many studies compared the spectra of alunites with that of 
jarosites and it was suggested that there was no cationic influence [27].   Other 
workers basically gave a catalogue of infrared spectra many of which were 
incomplete [26]. The lack of crystallinity of the synthetic alunite samples studied 
might have created difficulties in  the collection of Raman spectral data.  Most studies 
have involved the use of synthetic jarosites [28].   
 
Near IR spectroscopy provides a suitable method for the analysis of these 
types of materials [29-32].  The other use of near-IR spectroscopy is in the search for 
knowledge of minerals in the solar system [33-38].  Hunt et al. first applied NIR 
spectroscopy to the study of minerals [39, 40].  It should be recognised that Near-IR 
spectroscopy is known also as proton spectroscopy such that this type of spectroscopy 
is most useful for measuring bonds involving hydrogen such as OH, NH, CH etc.  
Thus the technique appears most suitable for the measurement of hydrated, 
hydroxylated sulphates as might be found in soils and sediments that may exist on 
Mars. The Mars mission rover known as opportunity has been used to discover the 
presence of jarosite on Mars, thus providing evidence for the existence or pre-
existence of water on Mars. Recent studies have identified iron sulphate minerals on 
Mars [41-44].   
 
 In this work, as part of our studies of secondary mineral formation, we report 
the comparison of the near infrared spectra of natural alunites. 
 
Experimental 
 
Minerals 
 
The minerals used in this work were supplied by the Mineralogical research 
Company. The phase purity of the minerals was checked by X-ray diffraction and the 
chemical composition by EDX measurements.   
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Near-infrared (NIR) spectroscopy 
 
NIR spectra were collected on a Nicolet Nexus FT-IR spectrometer with a 
Nicolet Near-IR Fibreport accessory (Madison, Wisconsin).  A white light source was 
used, with a quartz beam splitter and TEC NIR InGaAs detector.  Spectra were 
obtained from 13 000 to 4000 cm-1 (0.77-2.50 µm)  by the co-addition of 64 scans at a 
spectral resolution of 8 cm-1. A mirror velocity of 1.266 m sec-1 was used.  The 
spectra were transformed using the Kubelka-Munk algorithm to provide spectra for 
comparison with published absorption spectra. Spectral manipulations, such as 
baseline correction, smoothing and normalisation, were performed using the software 
package GRAMS (Galactic Industries Corporation, NH, USA).  
 
Mid-IR spectroscopy 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer 
with a smart endurance single bounce diamond ATR cell. Spectra over the 4000−525 
cm-1 range were obtained by the co-addition of 64 scans with a resolution of 4 cm-1 
and a mirror velocity of 0.6329 cm/s. Spectra were co-added to improve the signal to 
noise ratio. 
 
Band component analysis was undertaken using the Jandel ‘Peakfit’ (Erkrath, 
Germany) software package which enabled the type of fitting function to be selected 
and allows specific parameters to be fixed or varied accordingly. Band fitting was 
done using a Lorentz-Gauss cross-product function with the minimum number of 
component bands used for the fitting process. The Lorentz-Gauss ratio was 
maintained at values greater than 0.7 and fitting was undertaken until reproducible 
results were obtained with squared correlations ( r2) greater than 0.995.  Band fitting 
of the spectra is quite reliable providing there is some band separation or changes in 
the spectral profile.   
 
Results and discussion 
 
Interest in alunites results from their potential discovery on the planet, Mars.  
NIR spectra of minerals may be obtained from the US geological survey data base 
web site [http://speclab.cr.usgs.gov/spectral.lib04/spectral-lib04.html].  The Near-IR 
spectral regions of alunites may be conveniently divided into four regions (a) the high 
wavenumber region > 7500 cm-1 (b) the high wavenumber region between 6400 and 
7400 cm-1 attributed to the first overtone of the fundamental hydroxyl stretching mode 
(c) the 5500-6300 cm-1 region attributed to water combination modes of the hydroxyl 
fundamentals of water, and (d) the 4000-5500 cm-1 region attributed to the 
combination of the stretching and deformation modes of alunites.  The NIR spectra of 
the alunites in the very high wavenumber region are shown in Figure 1.   The results 
of the analysis of the spectra are reported in Table 1.  The spectra of the OH stretching 
region of the alunites are shown in Figure 2.   
 
 The spectra in Figure 1 clearly show that the peak maxima are observed at 
different positions for the different alunites. The spectral profile can be curve resolved 
into the component bands as is illustrated in Figure 1.  The spectra in this figure show 
a maximum at around 7900 cm-1. The peaks may be resolved into component bands. 
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For example for the alunite from California three bands at 7821, 7904 and 8061 cm-1 
are observed.  These bands are attributed to the first fundamental overtone of the OH 
stretching vibration combined with the Al-OH deformation mode. In the mid-IR 
spectra the spectra of the four natural alunites are very similar. Peaks are observed at 
3510, around 3470 and 3432 cm-1.   The peaks for the sample from California are 
slightly displaced from the positions of the other alunites. This difference is attributed 
to traces of impurity. For example in the formula KAl3(SO4)(OH)6 traces of impurity 
could arise from the replacement of Al3+ with Fe3+. Such replacement would cause the 
bands to shift to lower wavenumbers.  The origin of bands in this region is uncertain 
but probably results from a combination of the first fundamental overtone of the 
hydroxyl stretching vibration and another NIR band. Another possibility is that the 
bands are related to the sulphate anions in the alunite. It is noteworthy that such bands 
are not found for jarosites. It is noteworthy that the NIR bands in this spectral region 
are different even though the spectra in the mid-IR region are almost identical. The 
Utah alunite shows a double peak centred upon 7909 and 7859 cm-1. The chemical 
analysis reported for this alunite shows that a trace of Na has replaced K in the 
alunite. Clark published some spectra of alunites and delineated the position of bands 
[45].  However no attribution of the position of these bands was made. Hunt et al. also 
published the NIR spectra of alunites [46].  Clark attributed the bands at around 9,900 
cm-1 (1.0 μm) to AlOH [45].  However it is likely this band is attributable to the 
second overtone of the fundamental OH stretching vibration.  
 
 The NIR spectra of the 6000 to 7500 cm-1 region are shown in Figure 3.  This 
spectral region is attributed to the first fundamental overtone of the OH stretching 
vibrations. The spectra result from the doubling and combination of the OH stretching 
vibrations in both the Raman and infrared spectra. Hunt defined the set of bands at 
around 7875 cm-1 (1.27 μm) as due to the first fundamental overtone of the OH 
stretching vibration combined with the Al-OH deformation mode [46].  Petit et al. 
attributed bands in the 7000 to 7500 cm-1 region as due to the overtones of MgMg-
OH, MgAlOH, AlAlOH fundamental OH stretching vibrations [47].  If Fe is also 
present additional bands are observed. In the alunite minerals used in this work 
chemical analyses show that the alunites do not contain any Fe or Mg substitutions.  
The NIR spectra of the four alunites from different origins are very similar. Again the 
NIR spectrum of the Californian alunite is slightly different in band position. In the 
mid IR spectra bands were observed at about 3510, 3470 and 3430 cm-1. Doubling of 
these bands gives band positions around 7010 and 6850 cm-1. In a previous study by 
the authors [48], this spectral region jarosites showed strong reflectance bands in the 
near-infrared spectrum.  This study showed for example peak maxima are observed  at 
6844 (K-jarosite), 6798 (Na-jarosite), 6808 (Pb-jarosite), 6777 (Ag-jarosite) 6865 
(NH4-jarosite) and 6829  cm-1 (hydronium jarosite).  The NIR spectral profile of 
jarosites can be curve resolved into component bands. Three component bands are 
observed for K-jarosite at 7004, 6822 and 6677 cm-1 [48].  These bands which are the 
first fundamental overtone of the hydroxyl stretching vibrations are the result of the 
doubling of the wavenumbers of the OH stretching vibrations. For K-jarosite three 
infrared OH stretching bands are found at 3375.9, 3317.9 and 3094.3 cm-1 [48].  It 
must be remembered that these overtones can be the doubling of Raman bands as well 
as the infrared bands will be NIR active. For K-jarosite two Raman bands are found at 
3434 and 3392 cm-1 [49].  It is possible that the infrared and Raman hydroxyl 
vibrations can combine to give the hydroxyl overtones.   
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 The NIR spectra in the 5500-6000 cm-1 region are shown in Figure 4.  The 
spectra in this region are to all intensive purposes identical. Normally in this spectral 
region, bands attributable to the presence of water are observed. However alunite has 
no water in the structure. Thus these bands are assigned to combination bands of the 
hydroxyl groups. Clarke reported the alunite spectra in this region  [45].  Clark 
reported two bands at around 5700 cm-1 (1.75 μm) and 4700 cm-1 (2.15 μm) [45].  
Hunt et al. reported the band in this position as possibly due to the combination of the 
OH stretching and bending modes of the Al-OH units [46].  Bishop and Murad 
showed that bands in this region can be used to distinguish between jarosites and 
alunites [50] and therefore the NIR spectroscopy of these minerals can be used for 
remote sensing. Bishop and Murad suggested that bands in this position were due to a 
combination of the Al-OH stretching and the first fundamental overtone of the Al-OH 
deformation mode [50].  The NIR spectra in the 4000 to 5500 cm-1 region are reported 
in Figure 5.  The spectra in this region are attributed to the combination of mid IR 
bands.  This region may be divided into two sections (a) 4000 to 4400 cm-1 and (b) 
4400 to 5400 cm-1.  The assignment of bands in this spectral region is not clearly 
defined by other researchers [45, 46, 50].   
 
Conclusions 
 
Near-IR spectroscopy is a technique, which has not been previously applied in depth 
to the study of alunites.  Indeed alunites by their very nature, being composed of 
adsorbed water and hydroxyl units coordinated to Al3+ ion, lend themselves to study 
by NIR.  NIR reflectance techniques have proven most useful for the analysis of 
alunites.  As such the technique could be applicable to the study of these types of 
minerals by remote sensing or by a stand-off spectroscopic technique. NIR 
spectroscopy has the ability to distinguish between alunite minerals even when the 
formula of the minerals is closely related and only subtle differences in composition 
can cause variation in the NIR spectra. .  The NIR spectroscopic technique has great 
potential as a mineral exploratory tool on planets and in mineral exploration on Mars. 
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Table 1 Results of the near Infrared Spectroscopy of alunites (cm-1) 
 
Chile Italy Utah California 
Center FWHM % Area Center FWHM % Area Center FWHM % Area Center FWHM % Area 
8033 242.3 0.77 8044 207.6 0.47 8044 234.5 0.80 8061 163.8 0.24 
7907 77.9 0.67 7905 92.8 0.52 7909 78.5 0.92 7904 138.1 0.30 
7858 57.9 0.33 7857 62.8 0.22 7859 52.3 0.29 7858 50.2 0.05 
         7821 116.8 0.37 
7802 55.5 0.20 7801 63.0 0.13 7803 38.9 0.13    
7743 15.4 0.00 7746 22.0 0.01       
7566 49.8 0.07    7570 47.2 0.08    
7470 79.5 0.36 7467 84.8 0.23 7473 70.1 0.35 7459 137.2 0.22 
7377 81.8 0.25 7384 71.5 0.08 7381 83.1 0.26    
      7036 145.8 1.70    
      7029 19.0 0.33    
7013 35.6 3.22 7011 38.4 1.94 7012 23.3 2.08 7009 33.3 0.34 
6981 44.9 2.07 6997 226.3 3.80 6983 34.1 2.13 6967 58.2 4.83 
6978 220.1 3.53 6979 54.7 2.37       
         6922 31.8 0.56 
6850 135.9 6.95 6849 137.9 5.52 6855 152.5 9.53    
         6778 366.6 8.29 
6762 52.9 8.53 6761 63.9 7.60 6765 37.6 8.42 6754 90.0 4.19 
6683 139.1 2.97 6690 163.6 3.10 6671 82.3 1.43 6689 50.9 4.51 
      5872 198.0 0.83    
5803 195.7 1.04 5787 200.5 0.83    5767 112.5 1.61 
5689 136.2 6.43 5690 129.1 5.43 5694 138.2 6.64 5686 113.1 5.70 
5654 50.2 1.00 5655 55.4 0.94 5655 46.7 1.06 5652 39.2 0.48 
5612 50.0 0.74 5613 55.9 0.83 5613 48.2 0.79 5614 67.6 1.22 
5229 129.3 2.30 5239 103.3 1.92 5235 133.4 2.17 5217 145.6 2.58 
5178 74.1 0.65 5182 82.5 1.17 5180 94.8 1.30    
5099 115.3 3.91 5103 118.7 3.72 5099 94.2 2.42 5090 129.1 3.10 
4984 107.6 2.09 4985 107.3 2.00 4983 106.7 2.06 4992 89.4 2.51 
4850 185.2 4.88 4853 180.4 4.08 4854 170.0 8.44 4847 217.7 12.68 
4758 56.9 0.44 4761 56.7 0.41 4757 54.4 0.32 4751 85.6 2.54 
4687 87.8 12.87 4683 92.9 13.10 4691 84.8 7.31 4675 79.5 8.35 
4663 28.0 0.73 4662 28.7 0.69 4663 29.2 1.54 4658 41.1 1.32 
4636 37.9 4.26 4636 38.1 4.14 4637 30.0 3.30 4636 39.0 3.48 
4610 36.4 5.28 4609 36.7 5.21 4611 34.7 6.05 4608 44.9 6.61 
4581 34.8 4.94 4580 34.9 5.20 4583 29.4 4.56 4578 42.3 5.26 
4559 20.3 1.10 4558 21.2 1.12 4561 19.9 1.71 4554 34.6 2.14 
4526 43.9 7.47 4527 45.1 6.55 4526 37.9 6.69 4514 54.0 8.05 
4310 38.3 3.17 4312 29.6 1.83 4310 40.9 3.74 4307 42.3 4.37 
4282 27.9 0.53 4290 25.2 0.69 4277 55.2 1.19 4275 40.4 1.56 
4177 34.8 1.80 4175 43.9 3.45 4180 37.9 2.62 4179 25.9 0.87 
4133 46.1 0.81 4125 90.8 2.48 4121 67.9 2.70    
4108 28.7 1.35 4101 71.2 5.39 4111 19.4 0.61 4107 20.6 0.48 
         4087 30.4 0.94 
4048 18.3 0.26    4052 25.6 0.83 4026 0.5 0.04 
3994 35.6 0.61 3987 38.2 1.97 3995 24.4 0.44    
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